The possibility to improve the yield and rennetability of ovine and caprine milks by the application of high pressures (1QO-400 MPa) has been investigated. The application of pressures over 200 MPa induced denaturation of f3-lactoglobulin, enhancing protein and moisture retention in the curd. The effect of pressure on the coagulation properties depended on the magnitude and duration of the process and on the milk species, but in general terms, pressurization did not improve the renneting properties of ewe and goats' milk. However, treatments at 400 MPa, which provided the highest cheese yields, did not considerably lengthen the rennet coagulation times, and in the case of goal' s milk, pressurization improved the consistency of the curd. Therefore, pressurization of ovine and caprine milks seems to be a promising way of improving their technological properties for cheese-making. © InralElsevier, Paris.
INTRODUCTION
Production of ovine and caprine milks is of great importance in Mediterranean countries, where they are mainly used in the chee se industry. Owing to their peculiar organoleptic properties, cheeses made from milks of these two species or their mixtures are increasingly gaining worldwide acceptance, and during the period 1987-1994, the world production of cheeses from ewes' and goats' milk increased by 4 and 10% respectively [II] .
The study of the genetic variants of milk proteins has received considerable interest in relation to the technological quality of milk, because genetic polymorphism is responsible for variations in the cheese yield and coagulation properties [8] . However, in addition to animal selection, the application of technological treatments such as calcium addition [16] , controlled acidification [27] , ultrafiltration [25] or heat treatment [17] can be attractive approaches to improve the cheese-making characteristics of milk.
High pressure treatment of bovine milk has been found to improve its microbiological quality and functionality [5, 9, 10, 20, 30] . It was observed that pressurization of milk under certain conditions increased protein and moisture retention in the curd, and decreased the rennet coagulation time and the curd firrning time [13] , but very few studies have been carried out on the effects of pressurization on milks other than bovine milk [3, 6, 7] . In the present work, the possibility to improve the yield and rennetability of ovine and caprine milks by the application of high pressures (100-400 MPa, 5-30 min) was investigated.
MATERIALS AND METHODS

Milk samples
Raw ovine and caprine milks were obtained from a local dairy farm and were kept refrigerated a maximum of 3 h before use. Samples of 300 mL were poured into polyethylene bottles, avoiding any head space, and vacuumsealed in polyethylene bags before being pressurized.
High pressure treatments
Milk samples were pressurized using a 900 HP apparatus (Eurotherm Automation, Lyon, France). The pressure was raised to the desired value (100 to 400 MPa) at a rate of2.5 MPals, then maintained for 5 to 60 min, and finally released at the same rate. Before the pressure treatments, the temperature of the hydrostatic fluid medium was controlled at 25 ± 1 "C by circulating water through ajacket surrounding the pressure vessel, and the temperature increase, as a result of the pressure treatrnent, was 2°C/100 MPa. High pressure treatments were performed in quadruplicate and replicates were conducted on different days with milk from different batches. Samples were kept refrigerated at 5 "C and analyzed within 20 h after pressurization.
Whey protein analyses
Whey proteins were determined by reversephase HPLC [26] both in the fractions soluble at pH 4.6 and in the rennet wheys. The fractions soluble at pH 4.6 were separated from raw and pressurized milk samples after the pH was adjusted with 2 mol/L HCI, and denaturation of~-Iactoglobulin (~-Lg) following the pressure treatments was expressed as percentage of the~-Lg content of the corresponding raw milk.
Cheese yield
Cheese yields were estimated by centrifugation. Milk (30 mL) prewarmed to 30 -c was treated with 600 ul, of standard rennet (85% chymosin and 15% bovine pepsin, strength 1: 10 000, Chr Hansen' s Lab Copenhagen, Denmark) solution (0.3 gl100 mL) in acetate buffer (0.2 mollL, pH 5.4), and stirred for 1 min. After 40 min at 30 "C, the curd was eut and 10 min later centrifuged at 15 000 g for 15 min at 5 oc. The curd and whey were then separated and weighed.
Coagulation properties of milk
A Formagraph (N. Foss and Co., Hellerup, Denmark) was used to determine the rennet coagulation properties: coagulation time (r), curd firming time Ckz~, and curd firmness (l1:Jo) [18] .200 J.lL of rennet solution (see above) was added to 10 mL of milk preequilibrated to 36 "C for 30 min, and the rennet clotting properties were measured.
Statistical analysis
One-way ANOV A of the results was carried out by using the Statgraphics Statistical System [28] . The results employed corresponded to four independent experiments with three analytical determinations made for each set. denaturation and cheese yield of ovine and caprine milks. In agreement with previous results on bovine milk [13] , oe-lactalbumin (a-La) did not undergo pressure induced denaturation under 400 MPa at the temperatures assayed. Denaturation of ovine and caprine I3-Lg(figure la) increased with pressure at a faster rate than that of bovine I3-Lg,in the order ovine> caprine > bovine. This is in accordance with the rates of heat induced denaturation of I3-Lg from the three species at temperatures over 80 -c found by other authors [12, 22] . The denaturation behavior of caprine whey proteins on pressurization agrees with the results published by Felipe et al. [6] .
There is evidence that, on heating, denatured whey proteins became associated with the casein micelles, initially through hydrophobie interaction, and then by disulphide linkage mainly with x-casein [4] . Aggregation of bovine~-Lg through 343 the formation of disulphide bonds, and.its precipitation at pH 4.6 with the casein fraction were found as a result of milk pressurization, but it was not possible to determine whether~-Lg formed homopolymers or was disulphide linked to x-casein [14] . The formation of disulphide linked polymers was also observed as a result of pressurization of goats' milk [6] . The observation that ovine and caprine B-Lg denature at a faster rate than bovinẽ -Lg can be attributed to differences in the concentration of x-caseins and in their content in -SH groups ovine and caprine caseins having double concentration of -SH capable of forming disulphide bonds with~-Lg than bovine milk. In addition, the higher concentration of~-casein in ovine casein with respect to bovine and caprine casein may promote the initial hydrophobie binding of~-Lg to caseins [12] .
It was previously observed that denaturation of I3-Lg enhanced protein retention in the curds giving a substantial increase in yield, provided that pressurization is carried out above 200 MPa [13] . Caprine milk behaved very similarly to bovine rnilk, and treatments at 300 and 400 MPa, applied for 30 min, significantly (P < 0.05) improved cheese yield (figure lb).
Cheese yield of raw ovine milk was almost double than that of raw bovine and caprine milks owing to its higher protein and fat contents [1] . Unlike bovine and caprine milks, the cheese yield of ovine milk pressurized at 200 MPa was higher (P < 0.05) than that of the raw milk (figure 1b). This is in accordance with a higher level of I3-Lgdenaturation than that of I3-Lgof milks of the other two species at 200 MPa, together with the fact that ewes' milk contains more~-Lg than cows' and goats' milks.
After treatments at 400 MPa for 30 min, the curd weights increased by 15.6 and 16.7% in ovine and caprine milks respectively. The analyses of the levels of a-La and I3-Lgby RP-HPLC showed substantial decreases in I3-Lgloss in the rennet wheys with increasing pressure, that were equivalent to the levels of denaturation as measured in the fractions soluble at pH 4.6
(figure 1a). This indicated that denatured -Lg was retained in the curd, although, as it was the case of bovine milk [13] , the increases in yield were mainly due to an enhanced retention of moisture, since the total volume of whey decreased by 4.2 and 11.4% in ovine and caprine milks treated for 30 min at 400 MPa. It should also be noted that, although treatments at 400 MPa did not increase the percentage of~-Lg denaturation over treatments at 300 MPa, the y significantly improved cheese yield.
To assess the influence of the treatment duration, ovine and caprine milks were submitted to 300 MPa for different periods (from 5 to 30 min) (figure 2). I3-Lg from both species underwent a very rapid denaturation during the first 5 min of treatment. The main changes in the estimated curd weights were also produced on pressurization for 5-10 min. The fact that at this pressure (300 MPa) most of the increase is achieved by 10 min of treatment can be favorable since high pressure treatment of foods is most often a batch 345 process and short exposure times allow maximum throughput of product. However, the effect of the treatment time can vary with different combinations of pressure and temperature. Figure 3 shows the coagulation properties of ovine and caprine milks subjected to pressures of 100 to 400 MPa for 30 min as determined by the Formagraph.
Effects of pressure on rennet coagulation properties of milk
In accordance with the literature data, the rennet coagulation times and curd firming rates of raw milks from these two species were shorter than those of cows' milk [29] . Raw ewes' milk exhibited a great coagulum strength [21] , while raw goats' milk gave more fragile gels [24] (figure 3e).
In the case of ovine milk, r decreased slightly with pressurization at 100 MPa and then increased significantly (P < 0.05) at 200 and 300 MPa, decreasing again at 400 MPa ( figure 3a) . In caprine milk, r did not change significantly with pressures up to 200 MPa, but treatments at 300 and 400 MPa increased the coagulation time ( figure 3a) . Because~o is strongly related to r, it followed a similar trend in both species (figure 3b). The a 30 value of ewes' milk was not considerably affected by the pressure treatments applied, whereas pressurization at 300 and 400 MPa improved (P < 0.05) curd firmness of goats'milk (figure 3e). The firmness of the curd is considered very important in the cheesemaking process. Goats'milk curds are known to present low cohesion that can lead to losses of fine particles into the whey and lower yields, owing to a high average diameter of the micelles, together with a high degree of size dispersion [23] .
Pressurized ewes' and goats' milks followed a pattern different from that of pressurized cows' milk [13] , since, in general terms, their coagulation parameters were less affected by pressure. It has been reported that heat treatments up to 85 "C for 30 min did not affect the rennet coagulation time of goats' milk [19] and only caused slight changes in ewes' milk [2] , despite the observation that the degrees of thermal denaturation of I3-Lgwere very high in both cases. However, in cows' milk, heatinduced denaturation and complex formation between~-Lg and x-casein is known to render milk less susceptible to 347 coagulation, lengthening the rennet clotting time [31] .
The higher proportion of~-Lg denatured at 200 and 300 MPa in ovine and caprine milks, with respect to bovine milk, could be partially responsible for the comparative lengthening observed in the rennet coagulation times of milks submitted to these pressures. However, treatments at 100 MPa that did not induce I3-Lgdenaturation in any of the three species, significantly shortened the rennet coagulation time of bovine milk but did not sig ni ficantly affect the rennet coagulation times of ovine or caprine milks. It is, therefore, likely that the differences found in the rennet clotting properties of pressurized milks from the three species could be in part attributed to differences in the individu al casein composition and size distribution of the micelles, or to changes in the salt equilibrium during pressurization. Indeed, previous research has shown that pressurization increased the levels of non-sedimentable casein in bovine, ovine and caprine milks, as weIl as the levels of Ca, P and Mg in the serum, but the extent of the effects observed varied with the milk species. In the case of bovine and caprine milks, maximum dissociation from the micelle was observed in milks treated at 300 MPa, while in ewes' milk dissociation increased with pressure up to 400 MPa [15] . Figure 4 illustrates the effect of the holding time at 300 MPa on the coagulation properties. As it was the case of the cheese yield and~-Lg denaturation, treatment of ovine and caprine milks at 300 MPa from 5 to 30 min showed that the most important changes took place during the first 10 min of treatment. However, the positive effect of prolonged treatments at 300 MPa on the curd firmness of goal' s milk should be noticed. ------r------r----- 
CONCLUSION
The present results show that pressurization of ovine and caprine milks is a promising way of improving their technological properties for cheese-rnaking, since pressures over around 200 MPa enhanced protein and moisture retention in the curd. The effect of pressure on the coagulation properties depended on the magnitude and duration of the process and on the milk species. For instance, at 300 MPa, most of the observed effects took place on treatment for 5-10 min and fewer changes on prolonged pressure treatment. Unlike the case of cows' milk, pressurization did not improve the renneting properties of ewes' and goats' milk, although treatments at 400 MPa, which provided the highest cheese yields, did not considerably lengthen the rennet coagulation times, and in the case of goats' milk, pressurization improved the consistency of the curd. Further research on the pressure-induced modifications in milk proteins and salt equilibrium might help to understand the effect of high pressures on milk and, thus, know the full potential of these processes and increase their efficiency.
